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0022-0736/© 2015 Elremodeling of the right ventricle (RV). These physiological changes can be profound and are frequently
accompanied by ECG changes in the right precordial leads, thereby mimicking features observed in
arrhythmogenic right ventricular cardiomyopathy (ARVC). Because the 12-lead ECG is used as both a
screening and diagnostic tool for the detection of conditions associated with sudden death in athletes, it is
of fundamental importance to have a good understanding of the ECG features that distinguish
physiological adaptations to endurance exercise from those related to RV pathology as well as their
potential overlap. This article describes ECG findings observed in healthy endurance athletes versus
athletes with underlying RV pathology and illustrates their differentiation using 4 case presentations.
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It has long been known that regular, intensive endurance
training induces a combination of electrical, structural and
functional cardiac alterations, commonly referred to as
athlete’s heart [1]. As a result, the vast majority of highly
trained endurance athletes demonstrate training-related
changes on the resting 12-lead electrocardiogram (ECG)
[2]. Although these adaptations are generally considered the
expression of adaptive physiology in athletes, it is often
challenging to reliably distinguish these from abnormal ECG
findings related to potentially lethal cardiovascular condi-
tions due to their phenotypic overlap. For this purpose, ECG
interpretation guidelines classify ECG changes as either
those which are common and training related (“group 1”) or
those thought to be uncommon, training unrelated, and
which warrant further investigation to exclude cardiac
pathology (“group 2”) [3,4]. Nevertheless, recent data have
shown that even group 2 ECG findings are not so uncommon
in highly-trained endurance athletes, particularly those ECG
features suggestive of right ventricular (RV) pathology such
as deep T-wave inversion (TWI) in the right precordial leads
and voltage criteria for RV hypertrophy [2]. This can beauthor at: Department of Cardiovascular Medicine,
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ventricular remodeling in endurance athletes. Indeed, it has
been shown that they develop greater RV than left
ventricular (LV) remodeling which has been linked to the
greater hemodynamic load that is put on the RV during
intense exercise [5]. Therefore, particularly in endurance
athletes, it can be challenging to differentiate benign
physiological ECG changes from those observed in RV
pathology such as arrhythmogenic right ventricular cardio-
myopathy (ARVC).
The aim of this paper is to provide an overview of ECG
features expressing RV physiological adaptation to regular
endurance training and how to differentiate these from ECG
findings related to underlying RV pathology. We will
illustrate this clinical conundrum using 4 case examples.
These cases were selected from an existing cohort at our
institution to highlight different aspects of the evaluation and
management of athletes with (potential) RV pathology.Overview of ECG abnormalities in athletes with
RV pathology
ARVC is an inherited heart muscle disease characterized
by progressive dilation/dysfunction of predominantly the RV
(and the LV in late-state disease). When evaluating the
athlete’s ECG it is very important to recognize abnormalities
2 G. Claessen et al. / Journal of Electrocardiology xx (2015) xxx–xxxthat point towards a diagnosis of ARVC as endurance sports
continuation in a subject with ARVC may trigger life
threatening arrhythmias and cause progression of the
arrhythmogenic substrate [6,7]. Mutations in the desmosom-
al genes account for approximately 50% of ARVC cases [8].
However, there is emerging evidence that intense endurance
sports may lead to a similar phenotype (with similar
prognosis) even in the absence of desmosomal mutations
[7,9]. This syndrome, so-called “exercise-induced ARVC”
or “gene-elusive ARVC” may be the result of increased RV
wall stress during exercise.
More than 80% of ARVC patients will have abnormalities
on the ECG [10,11]. Repolarization abnormalities, such as
TWI in the anterior precordial leads and delayed S wave
upstroke, are early and sensitive markers of disease
expression in patients with ARVC. T-wave inversion in
V1, V2, and V3 and beyond (in the absence of complete right
bundle branch block, RBBB) is a major diagnostic criterion
for ARVC, while TWI confined to just leads V1 and V2
represents a minor diagnostic criterion [12,13]. However,
TWI in the right precordial leads, which is observed in only
4% of healthy women and 1% of men N14 years of age [12],
is present in around 14% of highly trained endurance athletes
[2]. Therefore, although right precordial repolarization
anomalies are probably normal manifestations of intensive
endurance training, related to the right ventricular loading
conditions during sports, these create difficulties in the
differentiation from early stage ARVC.We will illustrate this
relatively common clinical scenario by presenting 2
endurance athletes (case 1 and 2) with a similar degree of
right precordial TWI on the resting ECG and in whom
further evaluation and work-up were required to differentiate
physiological RV remodeling from ARVC. We will discuss
electrical changes on the ECG, signal-averaged ECG and
Holter. Later, wewill also provide an example of an endurance
athlete with more advanced disease (case 3) in whom both
electrical and structural abnormalities are more profound.
Apart from ARVC, ECG abnormalities in the right
precordial leads may also result from other conditions
causing RV overload. Pulmonary hypertension is a hemo-
dynamic state defined by a mean pulmonary artery pressure
greater than or equal to 25 mmHg and can be caused by a
variety of etiologies [14]. ECG abnormalities in PH are
related to physiological and anatomic adaptions of the right
heart in response to increased afterload. These findings
include right ventricular hypertrophy (RVH) according to
the Sokolow–Lyon voltage criterion (R − V1 + S −
V5 N10.5 mm), right axis deviation, TWI, ST-segment
depression and right atrial enlargement [13,15]. In adults
with idiopathic pulmonary arterial hypertension, 87%
demonstrated RVH and 79% demonstrated right axis
deviation [15]. Current European Society of Cardiology
guidelines recommend that Sokolow–Lyon RVH should
prompt further assessment for ‘pathological RV dilatation/
hypertrophy’ in young athletes [3]. Nevertheless, a recent
study in asymptomatic young athletes demonstrated that
Sokolow–Lyon RVH was present in around one in eight
athletes, indicating that such a strategy would be associated
with an unacceptably high rate of false positive screeningoutcomes [16]. In an attempt to reduce the number of false
positives, the more recently proposed Seattle criteria for athlete
ECG interpretation suggest that Sokolow–LyonRVHshould be
accompanied by right-axis deviation N120° before further
investigation is initiated [13]. In the fourth case of this paper, we
will discuss the evaluation and management of an endurance
athlete presenting with ECG features of RV hypertrophy.Case 1
An asymptomatic 21 year old female elite rower of
Caucasian origin underwent ECG pre-participation screen-
ing. She performed regular intense endurance exercise
training for 7 years. The resting ECG revealed deep TWI
in V1–V2 and biphasic TWI in V3, and a rightward QRS
axis (Fig. 1A). Another potentially important feature on the
12-lead ECG was the notion of a slight deflection in V1,
perhaps raising the query of an epsilon wave, a major ECG
criterion for ARVC. However, epsilon waves are defined as
reproducible waves of small amplitude that occupy the ST
segment in the right precordial leads (V1–V3) and are
distinct from the QRS complex [17]. Accordingly, the
discrete notch in the upstroke of the S-wave, i.e. part of the
QRS complex, isolated to lead V1 was not considered to be
an epsilon wave. Furthermore there were no other depolar-
ization/conduction abnormalities suggestive of ARVC such
as QRS prolongation in the right precordial leads N110 ms
or prolonged terminal activation duration of QRS ≥55 ms
(measured from the nadir of the S wave to the end of the
QRS).
Further investigations were performed to exclude underlying
ARVC. Echocardiography showed a very heavily trabeculated
RV with apparent hypokinesia of the RV apex (Fig. 1B). CMR
confirmed a dilated, heavily trabeculated RV, but showed
normal systolic function and no regional abnormalities. A signal
averaged ECG (SAECG) could not identify any late potentials.
Therefore, after thorough investigation, the athlete did not meet
Task Force Criteria for ARVC and the diagnosis was felt to be
very unlikely [12]. Furthermore, shewas entirely asymptomatic,
with no family history of sudden death or ARVC, and as such
was not restricted from sports participation. However, given the
extent of the ECG changes and RV remodeling she will be
followed up annually with history-taking, physical examination
and imaging.
This case illustrates a relatively common clinical scenario
for physicians responsible for the cardiovascular care of
athletes. Around 1 in 7 highly trained endurance athletes
have been observed to demonstrate inverted T waves in right
precordial leads, with 1 in 25 demonstrating biphasic TWI
extending into lead V3, thereby constituting a major criterion
for the diagnosis of ARVC [2,12]. This suggests that these
changes are not exclusively ‘training unrelated,’ but in fact
reflect increased structural and electrical RV remodeling in
these athletes. Nevertheless, in accordance with the 2010
Task Force Criteria and Seattle criteria, TWI involving at
least two consecutive leads, excluding V1, should prompt
comprehensive evaluation including echocardiography,
Holter monitoring, SAECG, maximal exercise-ECG and
Fig. 1. Resting ECG and echocardiography in athlete 1. (A) ECG in case 1 showing deep T-wave inversion (TWI) in V1–V2 and biphasic TWI in V3. Also a
deflection was noted in V1 which would raise the query of an epsilon wave. (B) Echocardiography showed a very heavily trabeculated RV with apparen
hypokinesia of the RV apex.
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Furthermore, it is also important to consider ethnicity
when interpreting TWI in the right precordial leads. Convex
ST-segment elevation with biphasic TWI in leads V1–V4 istpresent in 1 in 7 black athletes and appears to be a benign
finding in the absence of other relevant clinical indicators
[18]. Conversely, both in black athletes and Caucasian
athletes, the presence of deep, symmetrical TWI in all 3 leads
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segments, is rare and should prompt further investigation to
exclude ARVC [2,18].Case 2
A 22 year old professional cyclist of Caucasian origin
presented with palpitations without any other accompanying
symptoms such as syncope or dyspnea. The resting ECG was
relatively unremarkable for a well-trained endurance athlete
with TWI in V1 and biphasic TWI in V2 in the absence of
any other abnormalities (Fig. 2A). In fact, when comparingFig. 2. ECG evaluation at initial presentation and during follow-up in athlete 2. The
a biphasic T-wave in V2 (A). Re-evaluation during follow-up shows development o
with left bundle branch block morphology and right superior axis (C).the resting ECG in the first 2 cases, the extent of TWI in the
right precordial leads was less remarkable in the latter and
would have required limited further investigation [13], had it
not been for his presenting symptoms. Holter monitoring
revealed multiple runs of non-sustained VT (up to 8 beats at
220 bpm) during exercise. Echocardiography showed a
mildly dilated RV with mildly reduced global systolic
function. An electrophysiological study was performed and
revealed non-sustained polymorphic VT with stimulation
from the RV apex, which was considered a nonspecific
finding. Since VT was only documented during exercise,
treatment was initiated with a beta blocker and avoidance
of sports.resting ECG at initial presentation depicts T-wave inversion (TWI) in V1 and
f TWI in V1–V3 (B) and episode of sustained monomorphic VT (250 bpm)
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abnormalities with development of TWI in V1–V3 (Fig. 2B).
Several years later, he presented to the emergency department
with sustained monomorphic VT (250 bpm) with LBBB
morphology and right superior axis (Fig. 2C), requiring
electrical cardioversion because of hemodynamic compromise.
At this point, re-evaluation was performed. SAECG was
positive for late potentials (3/3 time domain criteria; Fig. 3A).
Traditionally, it has been common practice to state that the
SAECG is positive if 2 of the 3 variables are abnormal (filtered
QRS duration ≥114 ms, duration of terminal QRS b40 μV
≥38 ms and root-mean-square voltage of terminal 40 ms
≤20 μV) [12]. However, the sensitivity and specificity of any
one of the time domain criteria are similar to that of any 2 or 3 of
these criteria and, therefore, any one of the criteria is considered
a minor criterion for ARVC [19].
CMR imaging revealed severe dilatation of RV with
reduced RV systolic function (RV EF 34%) and regional
dysfunction of the RVOT and the inferolaterobasal RV wall,
whilst LV function was normal. An EP study was repeated
with induction of sustained VT at 225 bpm, for which
radiofrequency catheter ablation was performed and an ICD
was implanted. The athlete had a negative family history of
ARVC and genetic analysis for any of the five desmosomal
genes was negative, both for manifest mutations and for
uncommon variants of uncertain significance.Fig. 3. Signal averaged ECG in athletes 2 and 3. Late potentials are present in athlIt is possible that participation in strenuous endurance
exercise may have promoted progression of the arrhythmo-
genic substrate in this athlete. Hence, we have previously
proposed the term “exercise-induced RV cardiomyopathy” to
reflect the fact that endurance athletes have a propensity to
develop RV remodeling consisting of structural, functional
and electrophysiological changes which predispose to RV
arrhythmias even in the absence of familial disease [9,20].
However, the discussion as to whether or not this syndrome
represents a part of the spectrum of ARVC is beyond the scope
of this article and the implications for sports participation are
similar for the patient. Indeed, also in subjects with a genetic
predisposition for ARVC, frequent endurance exercise has
been shown to increase the likelihood of diagnosis, ventricular
arrhythmias and development of heart failure [21]. Thus, the
distinction between ECG changes as a sign of physiological
RV remodeling versus an early sign of ARVC is of crucial
importance for the management of these individuals as
endurance sports continuation by itself may promote further
progression of the disease.Case 3
A 21 year old Caucasian male athlete engaged in
competitive, non-professional cycling presented with pre-ete 2 (A) and 3 (B) on the basis of 3/3 and 2/3 positive criteria, respectively.
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his exercise capacity over the last year. The resting ECG
showed deep TWI in V1–V5, prolongation of the terminal
activation duration≥55 ms measured from the nadir of the S
wave to the end of the QRS complex in V1 and the presence
of 2 ventricular ectopic beats with LBBB morphology and
superior axis (Fig. 4). SAECG demonstrated positive late
potentials (Fig. 3B). During exercise ECG testing, 2 runs of
non-sustained VT with LBBB morphology were observed.
Sustained VT with similar morphology (LBBB and right
axis) was easily induced during a subsequent EP study. CMR
imaging showed mild to moderate dilation of the RV with
hypokinesia of the RVOT, but no bulging or dyskinesia. An
ICD was implanted for the diagnosis of ARVC. Genetic
analysis was performed and revealed a conservative
mutation, poorly conserved missense mutation in PKP2,
the gene encoding plakophilin-2.
The case is a typical example of a mutation-dependent
ARVC in a highly trained endurance athlete. The 12-lead
ECG was manifestly abnormal with TWI in leads V1–V5
and localized right precordial QRS prolongation. The extent
of the precordial TWI provides an indication of the extent of
RV involvement and/or enlargement [19,22]. It has been
suggested that patients with TWI in V1–V4may have a more
advanced stage of the disease [19]. TWI extending in the
lateral leads (V5–V6) suggests LV involvement, which may
occur early in the course of the disease [23]. In the athlete,
however, CMR did not reveal any abnormalities suggesting
involvement of the LV.
Another important finding on the ECG in this case was
the presence of 2 premature ventricular contractions, which
is considered abnormal in a 10 s ECG recording and shouldFig. 4. Resting ECG in athlete 3. The ECG shows typical features of arrhythmogenic
upstroke in V1 (N55 ms) and the presence of 2 ventricular ectopic beats with lefttrigger further investigation [4]. In patients with RVOT
tachycardia, a benign condition not associated with structural
ventricular abnormalities, the QRS complex of the ventric-
ular ectopy will invariably have an LBBBmorphology that is
positive in the inferior leads II, III, and AVF and almost
always negative in aVL [19]. Therefore, the morphology of
the ventricular ectopic beats with LBBB and superior axis
(and positive in aVL) also hinted to a diagnosis of ARVC.
Another ECG-criterion for distinction between idiopathic
RVOT tachycardia and ARVC is provided by the QRS
duration in lead I. Ainsworth et al. compared 24 RVOT
tachycardia and 20 ARVC patients and reported that a QRS
duration N120 milliseconds in lead I had a sensitivity of
100%, specificity of 46%, positive predictive value of 61%,
and negative predictive value of 100% for identifying those
with ARVC [24]. Again, the presence of late potentials was
indicative of ARVC since only a very small proportion (0–
12%) of RVOT patients has a positive SAECG versus 50%–
80% in those with ARVC [19].Case 4
An asymptomatic 31 year old professional football player
of Caucasian origin underwent ECG evaluation as part
of preparticipation screening. The ECG (Fig. 5) revealed
right ventricular hypertrophy voltage criteria (R − V1 + S −
V5 N10.5 mm and right axis deviation) and suspiciously low
voltages in the limb leads. There were no T-wave changes. An
echocardiogram showed a moderately dilated RV with normal
systolic function and signs of mild pulmonary hypertension.
Administration of agitated contrast suggested an intra-cardiacright ventricular cardiomyopathy with deep TWI in V1–V5, delayed S wave
bundle branch block morphology and superior axis.
Fig. 5. Resting ECG in athlete 4. The ECG demonstrates right axis deviation, right ventricular hypertrophy on voltage criteria (R − V1 + S − V5 N10.5 mm and
right axis deviation) and low voltages in the limb leads.
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confirmed a moderate size sinus venous atrial septal defect
(1.1 × 1.3 cm) and the athlete was referred for open surgical
repair. Follow-up imaging demonstrated complete regression of
his RV dilation and mild pulmonary hypertension and he has
now returned to professional football.
This case depicts another clinical scenario in which the
load on the right heart is increased. Although the
combination of right ventricular hypertrophy on voltage
criteria and right axis deviation has been observed in up to
0.5% of young athletes in the absence of structural heart
disease [25], both the ESC criteria and more recently
proposed Seattle criteria for athlete ECG interpretation
suggest that in combination, these findings are suspicious for
the presence of pulmonary hypertension and should trigger
further investigation in the athlete as the increased RV
afterload may predispose athletes to the development of RV
failure and increase the risk of sudden death [3,13]. Although
the finding of low limb lead voltages is not discussed in
either criteria, seen together with RVH and RAD the index of
suspicion for the presence of underlying structural heart
disease in this case was high. These ECG changes could be
explained by the RV volume overload caused by the atrial
septum defect. It is important to note that the hemodynamic
impact varies considerable according to the underlying cause
of congenital heart disease, even among patients with the
same lesion. In fact, among patients with congenital heart
disease the majority of individuals participating in exercise
programs achieve significant improvement of their exercise
capacity and psychological state [26]. Therefore, decisions
regarding exercise prescription and sports participation
should be tailored to each individual patient and only those
who are likely to deteriorate as a consequence of regularphysical exercise or those in whom exercise may trigger
serious atrial/ventricular tachyarrhythmias should be restrict-
ed from sports participation [27].Conclusion
The role of the ECG in the differentiation between
physiological adaptations to endurance exercise and under-
lying RV pathology such as ARVC cannot be under-
estimated. Early recognition of ECG features of ARVC is
important because sports continuation in an athlete with
ARVC may trigger life threatening arrhythmias and cause
progression of the arrhythmogenic substrate. In Caucasian
endurance athletes, TWI in the right precordial leads is
relatively common. However, TWI in leads V1–V3 should
trigger comprehensive evaluation for ARVC (genetically
dependent and/or due to the increased load of exercise). In
black athletes, convex ST-segment elevation with biphasic
TWI in leads V1–V4 is a common finding and considered
benign. In contrast, symmetrical anterior TWI in V1–V3
preceded by isoelectric or downsloping ST segments is rare
and should prompt further investigation to exclude ARVC.
Early in the course of the disease, ECG findings related to
ARVC can be subtle and overlap with those frequently
observed in healthy endurance athletes. Therefore, suspi-
cious symptoms in athletes with such minor diagnostic
ECG-findings should prompt extensive evaluation including
echocardiography, Holter monitoring, maximal exerci-
se-ECG testing and possibly a cardiac MRI and electro-
physiological study. Finally, the combination of voltage
criteria for right ventricular hypertrophy and right axis
deviation is another ECG hallmark of abnormal RV afterload
8 G. Claessen et al. / Journal of Electrocardiology xx (2015) xxx–xxxand further evaluation for diagnosis and work-up of
pulmonary hypertension should be considered.References
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